Intracrystalline microcracks developed in quartz single crystals deformed in greenschist metamorphic conditions. A detailed study of samples collected in tabular to lens shape quartz vein was carried out to investigate how the microcracks initiated and how the microstructures evolved with the progressive deformation. A combination of light and EBSD (electron backscatter diffraction) techniques was used to analyze the microstructures and determine the crystallographic orientation of quartz grains. The crystallographic orientations of microcracks indicate that they might have initiated parallel to the direction of one of the rhombohedral planes of the host crystals. It is suggested that new grains nucleated by rotation of broken fragments from the host grains. c-axes the of host are distributed in a small-circle close to the foliation plane while the c-axes of the new grains in microcracks are more scattered when compared with the host orientations. New grains grew with their c-axes approximately perpendicular to the shortening direction.
Introduction
Small new grains found in zones of localized deformation are thought to be produced by dynamic recrystallization. The strong crystallographic preferred orientation (CPO) and the microstructures of the dynamically recrystallized aggregates are taken as evidence for crystal-plastic origin of these zones. Dynamic recrystallization is considered a process that accompanies dislocation creep and involves the formation and migration of high angle grain boundaries, in response to deformation, in the same mineral (Vernon, 1981; Urai et al., 1986) . Recrystallization does not produce new minerals during deformation, a process better referred to as neocrystallization (Urai et al., 1986) . Models to describe dynamic recrystallization are based on two main processes: (1) subgrain rotation recrystallization (Urai et al., 1986; White, 1977) and (2) grain-boundary migration recrystallization (Urai et al., 1986; Gordon and Vandermeer, 1966) .
Models based on dislocation glide have been used to explain the crystallographic preferred orientations (CPO) determined in quartz (Jessell, 1988; Jessell and Lister, 1990) . Experimental studies reported CPOs in host grains not entirely recrystallized developed by mechanical reorientation as a result of intracrystalline slip (Gleason et al., 1993) . Nonetheless most of the best CPOs in rocks were determined in recrystallized quartz grains.
However, investigation of dynamically recrystallized grains in both experimentally (den Brok, 1992; Vernooij et al., 2006) and naturally deformed aggregates (van Daalen et al., 1999; Bestmann and Prior, 2003) have shown that the misorientation between parent and recrystallized grains cannot be easily explained in terms of subgrain and grain boundary recrystallization. Therefore, other processes may exert an important control on the misorientation between host and recrystallized grains. Three models have been proposed to explain the large misorientation angle observed between host and recrystallized grains: (1) recrystallized grains once formed may be deformed by grain-boundary sliding assisted by diffusive mass transfer (Bestmann and Prior, 2003; Lagoeiro and Fueten, 2008) ; (2) new grains precipitated out of solution in voids and microcracks (den Brok and Spiers, 1991; Hippertt and EgydioSilva, 1996) and (3) new grains are fragments that were rotated and separated from the host grain during sliding (den Brok 1994; van Daalen et al., 1999; Vernooij, et al., 2006) .
The samples studied in this paper have features similar to those predicted in those three models above. Intracrystalline microfractures developed in quartz single crystals found in tabular to lens shape quartz veins. However, microstructures and crystallographic orientations differ slightly from those described in the previous studies. In our studied quartz veins, we aim to understand how the intracrystalline microcracks nucleate and further evolve to an aggregate of recrystallized quartz grains. We also investigate in detail the role of dynamic recrystallization as well as of other processes during the progressive deformation in the microfracture zones, once these aggregates were deformed at relatively low temperature (w300 C) with participation of aqueous fluid (Hippertt and Egydio-Silva, 1996; Lagoeiro, 1998) .
Geological setting and sample description
The quartz vein studied in this paper came from banded iron formations from the Iron Quadrangle (IQ) in the Southeast of Brazil (Fig. 1) . The IQ is an Archean/Proterozoic terrane located at the southern boundary of the São Francisco Craton (Almeida, 1977) . The IQ comprises metavolcanic and metasedimentary sequences surrounded by gneissicegraniticemigmatitic domes (Alkmim and Marshak, 1998) . The sequences are folded and a regional foliation (S 1 /S b ) developed parallel to the axial planes of the major synclines and anticlines. In the iron formation rocks the regional foliation (S 1 ) is expressed as an alternately compositional banding (S b ) of quartz and iron oxides (magnetite and hematite) parallel to the S 1 foliation. Ductile shear zones developed mainly parallel to this compositional banding and are related to the flexural slip occurring during the folding process. The samples of quartz veins came from one of these shear zones located in the overturned limb of the Serra do Curral Syncline. It consists of a steeply SE-dipping isoclinal syncline trending NEeSW. The axial foliation/banding is moderately to steeply SE-dipping and the stretching lineation, associated with a top-to-the-SE sense of tectonic transport, trends NWeSE.
The mineral assemblage (Pires, 1995) and microstructures (Hippertt, 1994) found in metapelitic and quartizitc (quartz and sericite) country rocks indicate that the deformation occurred under greenschist facies conditions (w300e350 C) and involved a widespread participation of water-rich fluids (Herz, 1978) . The long axes of the quartz and hematite grains define the down-dip lineation and were used to orient the samples in the field.
The analyzed quartz veins are embedded in a matrix of iron oxide (magnetite and hematite) and quartz. They are oriented parallel to the foliation/compositional banding. The compositional banding consists of an alternation of varied proportions of iron oxide and quartz layers. Most quartz veins are made of fragments of single crystals (host grains) of a few millimeters wide and several millimeters long (Fig. 2) connected by polycrystalline aggregates of granular quartz crystals (Lagoeiro and Fueten, 2008) . Quartz host grains are elongated approximately parallel to the lineation direction. Some quartz veins are composed only by aggregates of granular quartz of lens shape and in this case they are described as pure quartz layers. In this study only quartz with both types of grains, i.e. single crystals and granular aggregates of quartz, was selected for microstructural and crystallographic preferred orientation (textural) analyzes. Although several vein samples have been sectioned for microscopic observations only three more representative examples (BIFQV01, BIFQV02 and BIFQV03) were taken for detailed microstructural and crystallographic orientation analyses.
Methods
All investigated samples (BIFQV01, BIFQV02 and BIFQV03) were cut perpendicular to the boundary quartz-iron oxide and parallel to the long axis of elongate quartz grains. These planes and directions were used to orient the samples. The X-axis was taken parallel to the maximum elongation of quartz grains, the Z-axis perpendicular to the interface quartz-iron oxide and the Y-axis perpendicular to the XZ plane. Initially, a series of optical micrographs of the veins were taken with crossed polarizers and the lambda plate inserted (l ¼ 550 nm) and assembled in a mosaic (Fig. 2a) . Then grain boundaries were contoured manually and further digitalized (Fig. 2b) . One representative mosaic of all analyzed veins (BIFQV01) is presented in Fig. 3 . This figure also shows an outline of the microstructures from which the grain size, shape and axial ratios were measured using the Image SXM program (Barrett, 2005) .
Universal stage
The c-axis of quartz grains were measured with the help of a universal stage (u-stage) mounted on an optical microscope. The microcrack surface orientations were also measured using a u-stage. A microcrack segment was brought to a vertical position with the ustage. In a vertical position the fracture trace was oriented parallel to the NeS direction of the ocular cross wire. In that position the orientation of the pole to the fracture surface was measured. The optical axes of the host (the c-axes) as well as of the new quartz grains in both side of the fracture surface were determined in horizontal EeW or in vertical orientation with respect to the microscope stage. In quartz only the c-axis orientation can be measured by the u-stage. Therefore, only the angle between the c-axis and the pole to the fracture boundary can be determined and it is not possible to determine unambiguously the crystallographic orientation of the fracture segment. Notwithstanding, in the trigonal symmetry of quartz crystals sets of crystallographic planes differing only in sign exhibit the same characteristic angle to the c-axis. Therefore it is reasonable to ascribe specific angles to specific sets of crystallographic planes. The subgrain-boundary orientations were obtained using the same procedure. This method has been applied to the determination of the crystallographic orientation of quartz-quartz interfaces by Kruhl and Paternell (2002) . Although the u-stage serves as the only instrument to measure the spatial orientation of a small segment of the boundary and the c-axis at the same time with sufficient accuracy, the method has some limitations. The u-stage can be inclined up to 50 and therefore fracture surfaces dipping 0e50 with respect to the thin section plane cannot be measured. This inability poses a bias in selecting the analyzed fracture surface segment population and might change the probability of occurrence of specific crystallographic planes. In general the effect of the limited inclination of the ustage on the frequency distribution of some crystallographic orientations can be avoided by measuring the fracture surface orientation in YZ sections. The cut-off effect on the u-stage measurements and its statistical significance will be verified below.
Electron backscatter diffraction
One sample (BIFQV03) was used for SEM electron backscatter diffraction (EBSD, e.g. Prior et al. 1999 ) analysis of the host and the new grains. The sample was sectioned using a precision saw and then diamond polished down to 0.25 mm. The final lapping procedure took about 8 hours in an immersion of colloidal silica (20 nm). The electron microscope was set to 20 KV. The sample surface was inclined to 70 to the horizontal at a working distance of 33 mm. A minimum deviation angle of 2 was used for acquisition and of <1 for pole figure calculation. The EBSD patterns were collected automatically at 10 mm intervals and processed using Channel 5 software package (HKL-Oxford). In the orientation map (Fig. 5a ) the color of each pixel corresponds to the crystal direction parallel to the X-direction of the sample. In the pattern quality map gray shades are related to the band contrast of the EBSD pattern (Fig. 5b) . The pattern quality or band contrast map reproduce surface damage, fracture and (sub)grain boundaries and provide an additional image of the microstructures. For that reason it is useful to verify the reliability of the orientation maps. The misorientation angle between adjacent points was determined by selecting the minimal angle of rotation necessary to bring one lattice into a coincidence to the other (Wheeler et al., 2001 ). The distributions of misorientation axes are presented in the sample and crystal reference frames for the host and new grain domains. The nearest neighbor misorientations are represented by their axes for small (2e5 ) and large (>10 ) misorientation angles.
Results
The quartz veins consist of large fragments of single crystals (millimeters in diameter) separated by aggregates of smaller quartz grains ( Fig. 2 and 3 ). These grains occur along narrow rows (two or three grains wide) of slightly elongated crystals as well as larger grains filling wide gaps between fragments of single crystals that were broken off from the host grains.
Microstructures and orientation data 4.1.1. Host grain
Host grain fragments are highly deformed and contain several subgrain boundaries (misorientation angles up to 10 ). On average, subgrains have dimensions of 300 mm in length and 60 mm in width.
They are elongated at an angle of w15e25 to the X-direction of the sample reference frame (Fig. 4a) and oriented approximately perpendicular to the Z-axis, suggestive of a plate-like shape of the subgrains (Fig. 4b) .
The host grains show strong crystallographic preferred orientations (CPO). The CPOs of the host consist of a strong c-axis maximum at the periphery of the pole figure w15e25 to the Xdirection of the sample reference frame (Fig. 2, domain I and Fig. 5aec) . The a-axis maxima occupy a great circle that is slightly tilted with respect to the foliation plane (XY plane of the sample). The poles to {10-10} and {2-1-10} show rather similar distribution patterns. The poles to rhomb {10-11} and {01-11} define three distinct maxima.
Subgrains and host crystals show gradual lattice bending. Figs. 6a and b show the distribution of misorientation axes with respect to the sample and the crystal reference frames. The misorientation axes for low angle misorientations (2e10 ) and for high angle misorientations (>10 ) are plotted separately. The misorientations within the host domains are mainly low angles. The misorientation axes cluster around the X-direction and roughly coincide with the preferred orientation of the host c-axes. Only few high angle boundary segments were observed within the host domains. They have similar axes as low angle boundary segments.
Blocks of single host crystals are separated by microcracks and voids with varied widths. Healed microfractures within the host grains are traced by very tiny fluid and solid (iron oxide) inclusions (Fig. 7a) . The poles of the straight segments of fractured host crystals in the flanking host domains were plotted on the SE segment of the small-circle with an opening angle of w70 and they make angles of 35e65 with the c-axes of the host grains ( Fig. 7b and c) . These angles suggest that microcracks may have developed mainly parallel to the direction of one of the rhombohedral planes. The healed microcracks within the host grains have similar orientations. However, the preferred orientation of the poles to microcrack surfaces along the edge of the stereonet may reflect the restricted measurability of the u-stage. To evaluate the u- stage constrains on the crystallographic preferred orientations of the microfracture boundaries, the microfracture orientations were also measured in sections perpendicular to the lineation (YZ section; Fig. 7d ). It appeared that the inability of the u-stage to measure the shallowly oriented microfracture segments do not significantly change the probability of occurrence of any crystallographic plane (cf. Kuntcheva et al. 2006 ).
New grains
New grains within the microcracks are optically strain-free (Figs.  2 and 3) . No undulatory extinction or subgrains are observed in the thin sections (Fig. 8a) . The size of new grains varies (Fig. 8b) according to the microcrack or void width. In narrow rows (Fig. 3 , domain II), there is only little variation in grain size (average size 150 mm), contrasting to the large size distribution in wide voids (20 mm to over 1 mm in the central part). However, in both cases, grain size and shape are dissimilar to the size and shape of subgrains. Although some new grains have straight boundaries with polygonal configuration, others tend to show less regular boundaries, with reentrant and rounded contours. The new grains are on average more or less equant in shape with long to short axis ratio around 1.3 (Fig. 8c) . Slightly elongated grains can also be observed in these polycrystalline domains, particularly in those of widely spaced voids as shown in domain III of Fig. 2 . Their long axes are oriented roughly perpendicular to the shortening direction.
The transition between the host and the new grains are sudden with differences in c-axis orientation between host and new grains larger than 20 (Fig. 8d) . In narrow microcracks, new grains have their c-axes distributed in a small circle with an open angle of w45 (domain II in Figs. 3 and 5d) . The c-axis orientations of the new grains spread away from the host c-axes. The poles to the prism and rhomb planes (Fig. 5d) show distribution patterns somewhat similar to those of the host grains. However the crystallographic orientations in these domains tend to be more dispersed and the strong maxima observed for the host crystals are not seen for the new grains in the narrow cracks. The distribution of the misorientation axes does not show any clear trend irrespective of the reference frame ( Fig. 6c and d) .
The crystallographic orientations of the new grains in the widely spaced voids are still more scattered than those of the host and the new grains in the narrower cracks (domain III in Fig. 3 ). The pole figures (Fig. 5e ) illustrate a dispersion of the c-axis orientations of the new grains away from the host c-axes. The poles to prism and rhomb planes show a scattered distribution that resembles those of the host crystals but it lacks the clear maxima observed in the latter. The only clear trend for the distribution of the misorientation Fig. 6 . Distribution of misorientation axes and angles for the host (aeb) and new grain domains (ceh). Misorientation axes are given for low (2e10 ) and high (>10 ) misorientation angles with respect to the sample and crystal reference frames (equal area, upper hemisphere projection).
axes in the new grains in the wide voids occurs for misorientation angles up to 10 ( Fig. 6e and f) . Two clusters of misorientation axes apart approximately at 90 to each other are observed for this interval with respect to the sample reference frame. In the crystal reference frame the misorientation axes have a slight preference for the c-axes for misorientation angles up to 10 . For misorientation intervals larger than that there is no clear preference of the misorientation axes for any direction in the sample or in the crystal reference frame.
New grains also occur as isolated pockets within the host domains (Fig. 9a) . Similar to the new grains in the microcracks, isolated grains also have uniform intracrystalline orientation and thus are strain-free. Their sizes vary in a wide range, from few micrometers to a millimeter in diameter (Fig. 9b) . They are slightly elongated with their long axes perpendicular to the incremental shortening direction, i.e. at 40e45 to the quartz vein boundary (Fig. 9c) . Again, the isolated grain size and shape are inconsistent with those of subgrains in the host domains. The transition from the host to isolated new grains, although less abrupt than that shown by the new grains in the microcracks, also have a wide range in misorientation angles (Fig. 9d) . The crystallographic orientations of the isolated crystals also show a wide range of distribution (Fig. 5f) . The c-axes show a maximum concentration close to the lineation. The poles to prism and rhomb planes show distributions somewhat similar to those of the new grains in narrow and wide domains. However the crystallographic orientations of the isolated crystals spread more widely and that clear crystallographic orientation patterns observed for the host grains are no longer discernible for the isolated grains within the host. The misorientation axes are also distributed in a scattered way regardless of the reference frame ( Fig. 6g and h) . Only for the misorientation intervals up to 10 there is a slight preference for the misorientation axes as the Z-direction of the sample reference frame. In the crystal reference frame the misorientation axes do not show any preference for any crystallographic direction.
Discussions
In the classical model for dynamically recrystallized grains by subgrain rotation, subgrains are expected to gradually increase the misorientation to the parent grain. Eventually, subgrain walls become high angle boundaries (>10 ) and then become new grains. The misorientation between parent and new grains is expected to be low (<20 ). The new grains should also have sizes compatible with those of subgrains. However, in our samples there is a discrepancy between size of subgrains and the new grains. The new grains are smaller or larger than the subgrains in the host grains, but rarely of the same size. The crystallographic orientation of new grains shows a progressive misorientation away from the flanking host crystal. The misorientation angles between host and new grains can be larger than 50 . Therefore alternative models should be considered to explain these large misorientations between host and new grains.
Two models seem to be adequate to explain the observed microstructures and the crystallographic orientations, namely the microfracture model and the precipitation model of new grain formation. In the microfracture model (Sander, 1911; Griggs and Bell, 1938; den Brok, 1992 den Brok, , 1994 van Daalen et al., 1999; Vernooij et al., 2006 ) microcracks initiate and fragments subsequently rotate. In our samples fracturing occurred preferentially along the trace of one of the rhombohedral planes in the deformed quartz veins. Host crystals were not oriented well for basal slip, since their c-axes are at low angle to the boundary between the quartz vein and the matrix. Thus slip initiated along the basal planes leading to the formation of elongated subgrains parallel to c-axes. Because the crystal orientation prevents any further slip on basal and other conventional slip systems, microcracks may start to develop at 40e50 to the host c-axes, possibly enhanced by aqueous solution. Some cracks might heal after little rotation remaining visible as trails of fluid and iron oxide inclusions. Further movement along cracks may lead to the formation of fragments that are progressively rotated. According to this model, new grains are considered as broken off fragments that heal after rotation. The progressive rotational displacement, probably facilitated by the aqueous fluids, increases the misorientation between the host and the fractured fragments. Large displacement leads to a large lattice misfit and to the formation of new grains. The new grains seem to have grown parallel to the direction of maximum extension. This can be deduced from the slightly elongated shape (w1.3) of the new grains in these domains. This orientation is ideal for glide on basal plane in case of the deformation by dislocation creep at these low temperatures (Schmid and Casey, 1986) . Thus the recrystallized grains might have deformed further by glide nevertheless they have an optically uniform orientation. The presence of fluid and solid inclusions along healed microfractures and fragments strengthen the interpretation of the deformation by microfracturing. This model of recrystallization by microfracturing was proposed to explain the microstructures and crystallographic orientation in experimental study on quartz (den Brok, 1992 (den Brok, , 1994 Vernooij et al. 2006) , as well as in naturally deformed quartz fibers (van Daalen et al., 1999) .
The disparity in grain size observed in the wide voids, particularly in the central regions, is hardly explained by these mechanisms of subgrain formation and growth. One possible explanation for that might be the normal growth of those grains by static recrystallization during a period of annealing after ceasing of deformation. However, static recrystallization would also have wiped out the optical deformation microstructures observed in the host crystals. But this appears not to be the case in our studied samples. Moreover, the fact that the host grains are deformed and the recrystallized quartz crystals are not can also be explained by partial recrystallization no matter whether dynamic (syn-kinematic) or static (post-kinematic).
An alternative explanation might be the precipitation of new grains out of solution in cracks and voids. In fact, the grain size and orientation of grains close to the flanking host crystal in more widely spaced voids are similar to the grains in narrowly spaced ones. Those cracks might have initiated as a narrow one by a mechanism of breaking off and rotation of fragments that would explain the similarities between microstructures of the two sets of grains. With the progressive deformation, the width of narrow microcracks increases, which makes them hardly be recognized as a microcrack, and the new grains precipitate in the space between breaking apart fragments. The crystallographic orientation of the new grains in the wider voids are scattered further away from the host orientation than the crystallographic orientation of the new grains in the narrower microcracks. The development of new grains in isolated pockets appears to be incompatible with the microfracturing model. The geometry of these grains and the difference in crystallographic orientation to the host crystals suggest that these new grains might have nucleated with crystallographic orientations which are not necessarily dependant on the crystallographic orientation of host crystal. Therefore, we suggest that these new grains might have grown by precipitation from solution in small voids or microcracks within the host crystals, similarly to the dissolution/precipitation experiments (den Brok and Spiers, 1991) and observations of naturally deformed quartzites (Hippertt and Egydio-Silva, 1996) . The slightly elongated shape (w1.3) of the new grains suggests that subsequent growth must have taken place by fluid assisted grain-boundary migration (Drury and Urai, 1990; Mancktelow and Pennacchioni 2004) relatively fast perpendicular to the direction of maximum shortening.
Conclusions
Our microstructural and crystallographic data allow us to draw the following conclusions:
(1) Microfractures developed preferentially at 35e65
to the c-axis of the host crystals. After little rotation, these microcracks might have healed and they can be now traced in the host crystals as trails of fluid and solid inclusions. Further microcracking led to the development of planar microfractures parallel to the trace of one of the rhombohedral planes in the flanking host domains. 
